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Abstract 
Van der Waals (vdW) heterostructures consisting of two dimensional materials 
offer a platform to obtain material by design and are very attractive owing to 
novel electronic states. Research on 2D van der Waals heterostructures (vdWH) 
has so far been focused on fabricating individually stacked atomically thin unary 
or binary crystals. Such systems include graphene (Gr), hexagonal boron nitride 
(h-BN) and member of the transition metal dichalcogenides family. Here we 
present our experimental study of the opto-electronic properties of a naturally 
occurring vdWH, known as Franckeite, which is a complex layered crystal 
composed of lead, tin, antimony, iron and sulfur. We present here that thin film 
franckeite (60 nm < d < 100 nm) behave as narrow band gap semiconductor 
demonstrating a wide band photoresponse. We have observed the band-edge 
transition at ~ 1500 nm (~830 meV) and high external quantum efficiency 
(EQE~3%) at room temperature. Laser power resolved and temperature resolved 
photocurrent measurements reveal that the photo-carrier generation and 
recombination are dominated by continuously distributed trap states within the 
band gap. To understand wavelength resolved photocurrent, we also calculated 
the optical absorption properties via density functional theory. Finally, we have 
shown that the device has fast photoresponse with rise time as fast as ~ 1 ms. 
Our study provides a fundamental understanding of the optoelectronic behavior 
in a complex naturally occurring vdWH and can open up the possibilities of 
producing new type of nanoscale optoelectronic devices with tailored properties. 
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Van der Waals (vdW) heterostructures 
consisting of two dimensional (2D) materials 
such as graphene, transition metal 
dichalcogenides (TMDs), and hexagonal 
boron nitride (hBN) have gained tremendous 
attention recently owing to novel electronic 
states and applications that may be realized 
in these vertical heterostructures.1-3 Research 
on 2D van der Waals heterostructures 
(vdWH) has so far been focused on layer by 
layer stacking of these layered materials in 
the lab, forming synthetic heterostructure 
materials.1, 4 This artificial fabrication of vdWH 
also has major limitations; first, there is little 
control over crystal orientation while stacking 
on top of each other and second, the sample 
can suffer damage by unwanted air bubbles 
or adsorbates between the stacked layers.  
Here we present our experimental study of 
the photoresponse behavior of 
thermodynamically stable naturally occurring 
vdWH, mixed-metal sulfide franckeite, a 
complex layered crystal composed of lead, 
tin, antimony, iron and sulfur. Franckeite is 
formed by alternating stacking of 
pseudohexagonal (H) layer, e.g. tin disulfide 
(SnS2), and pseudotetragonal (Q) layers, e.g. 
lead sulfide-based (PbS) layers.5 The 
complex Q layers contain four atomic layers 
of sulfide compounds with the formula MX, 
where M=Sn2+, Pb2+ or Sb2+ and X=S. The H 
layer is a simple binary layer and consists of 
octahedrons of disulfide compounds with the 
formula MX2, where M=Sn4+ and Fe2+ and 
X=S. We have presented schematically the 
crystal structure of the layered materials in 
Fig.1a. To probe the stoichiometry analysis, 
we employed energy-dispersive X-ray 
spectroscopy technique that results in an 
approximate chemical formula 
Pb6Sn3Sb3FeS18 (see the Supplementary 
Information), which falls within the generic 
chemical formula 
(Pb, Sn)6+x
2+ Sb2
3+Fe2+Sn2
4+S14+x, where −1 ≤
𝑥 ≤ 0.25 of materials from a mine in Bolivia.6  
This confirms the origin of our samples which 
are originated from a mine in San Jose, 
Bolivia.  
Franckeite has interesting and complex 
electronic band structure.7, 8 The band gap of 
the basic metal sulfides that are the basic 
ingredients of the franckeite layered 
structures ranges from 0.37 eV in PbS to 2.1 
eV in SnS2,9 with franckeite itself having an 
effective infrared band-gap of 0.65 eV.7, 8, 10 
Hence franckeite provides an ideal platform to 
study band gap engineering,11 
optoelectronics, phase engineering12 and 
thermoelectric properties13 for the first time in 
a complex layered natural vdWH. Here we 
present our detail study of intrinsic opto-
electronic behavior of the thin franckeite (60 
nm < d < 100 nm) for the first time. We have 
determined precisely the photocurrent (PC) 
responsivity, temperature dependence, power 
dependence and the time response of 
franckeite photodetectors. To understand our 
experimental measurements we have 
simulated the electronic band structure and 
the imaginary component of the dielectric 
constant via density function theory and 
obtained close agreement. Our study reveals 
fundamental opto-electronic properties of 
franckeite for the first time and can open up 
the possibilities of producing novel nanoscale 
optoelectronic devices with tailored 
properties.     
The flakes of franckeite examined in this 
study were micro-exfoliated from a crust of 
franckeite crystals originating from San Jose, 
Bolivia. The scanning electron micrographs 
(SEM) of a sample on SiO2/Si substrate is 
shown in Fig. 1b. The image demonstrates 
the layered nature of the flakes, which 
facilitates the micro-exfoliation process. We 
fabricated few layer electrically connected 
franckeite samples using the dry transfer 
technique and fabrication methods originally 
developed by Zomer et al.14 (see Methods). 
The optical image of a franckeite device 
prepared on a glass substrate is shown in Fig. 
1c. Thickness of the sample was measured 
by AFM (see Supplementary Information). We 
studied eleven samples and all devices 
demonstrated similar electrical and optical 
behavior.  
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The sample was further characterized by 
micro-Raman spectroscopy by pumping the 
sample with a 532 nm laser. We have 
observed peaks near 165, 210, 260 and 320 
cm-1 that are consistent with the recent report 
by Velicky et al8. The two peaks around 260 
cm-1 and 320 cm-1 are probably originating 
from the stibnite (Sb2S3) and berndtite (SnS2) 
in the H layer, respectively.15-17 We also note 
that the 210 cm-1 peak may also originate 
from the PbS lattice in the H layer.18  The 
origin of the 165 cm-1 is not currently known.      
Figure 1 : Franckeite crystal characterization. (a) Crystal structure of franckeite: the top 
and bottom layers are Q layers that includes MX compounds, where M=Sn2+ or Pb2+ (M can 
also be Sb3+ instead of Sn2+) and X=S. The middle layer or H-layer includes MX2, where 
M=Sn4+ (M can also be Fe2+ instead of Sn4+) and X=S. (b) Scanning electron micrographs 
(SEM) of a micro-exfoliated franckeite flake immobilized on a SiO2/Si substrate. (c) The 
optical image of an electrically connected franckeite device. (d) Raman spectrum of a 
Franckeite. The laser excitation wavelength was 532 nm.    
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The electrical measurement at different 
temperatures was conducted with the aid of a 
microscopy cryostat. The measured two 
terminal current-voltage (I-V) curves at 
different temperatures are shown in Fig.2a. 
The I-V characteristics of the sample shown 
above shows excellent linear behavior 
suggesting the formation of Ohmic behavior. 
For some samples, we have also observed 
non-linear behavior at the origin, suggesting 
the formation of Schottky barrier at the Au 
and franckeite interface consistent with the 
findings reported by Velicky et al8. The 
logarithm of resistance for different 
temperatures is shown in Fig. 2b. We 
observed a clear Arrhenius behavior, 𝑅 ∝
 𝑒𝐸𝐴/2𝑘𝑡, with an activation energy EA ~100 
meV.  We argue that this activation energy is 
due to the dopant impurities in the sample,8, 19 
which introduce energy levels in the band 
gap. This argument is also supported by two 
recent reports of the observation of the p-
doping of the franckeite.7, 8  
We probed the photoresponse behavior of our 
franckeite samples by measuring temperature 
dependent photocurrent spectrum over a wide 
range of temperatures from 77K to room 
temperature (~295 K). The sample was 
mounted inside a microscopy cryostat (Janis 
Research, ST-500) equipped with electrical 
feedthrough for electro-optical 
measurements. We used a broadband light 
source (tungsten-halogen lamp) coupled to a 
double-grating monochromator (Acton spectra 
pro SP-2150i). The photocurrent was 
measured by employing lock-in techniques.20 
The photocurrent responsivity, photocurrent 
per unit power, of a representative sample is 
shown in Fig.3a.  
Since we conducted broadband PC 
measurements from 300 nm to 2000 nm, we 
employed a double-grating monochromator to 
resolve the photon wavelength; 1) 600 g/mm 
with blazing-300 nm for the UV-VIS and 2) 
600 g/mm with blazing-1000 nm for the 
infrared. For the PC measurement in the 
infrared regime, we used additional filter (cut-
off 1100 nm) to remove the 2nd order visible 
light spectrum from the diffraction grating. The 
power of the optical spectrum was calibrated 
using a calibrated Si photodetector (Si PIN 
photodiode, Hamamatsu S1223, for the 
wavelength from 300 nm to 1100 nm) and an 
infrared photoconductive detector (PbS 
Photoconductor from Thorlabs for the 
wavelength from 1100nm to 2000 nm).   
Figure 2: Electrical measurement of franckeite crystals. (a) The I-V curve of a 
franckeite sample at different temperatures. (b) Logarithm of the resistance R versus 
inverse temperature 1/T for the I-V curve shown in (a).The linear fit yields 𝑹 ∝ 𝒆𝑬𝑨/𝟐𝒌𝑻 with 
𝑬𝑨~ 100 meV for the resistance measured at different temperatures.  
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We measured the photoresponsivity of the 
sample, which is defined as R=Iph/Plight, where 
Iph is the measured photocurrent and Plight is 
the power of the incident light.  
Photoresponsivity is an important figure of 
merits for a photodetector.20 The 
photoresponsivity data recorded at 77 K is 
shown in Fig. 3a. We have observed the 
maximum photoresponsivity 0.3 mA/W at 
~750 nm at 77K. At room temperature the 
photoresponsivity is increased to 20 mA/W 
corresponding to an external quantum 
efficiency EQE~3%, which is very promising 
for franckeite based photonic device 
applications.  
The PC spectrum for different temperature is 
presented in Fig.3b. We note three important 
features; (i) there are two peaks at 600 nm 
and 750 nm; (ii) the PC signal diminishes 
around 1500 nm (iii) the PC spectrum is very 
broad. The cut off at 1500 nm is originating 
from the band-edge, which confirms the 
narrow band gap of franckeite (Eg~ 830 meV). 
The energy of the two peaks, ~590 nm (~2.1  
eV) and ~740 nm (~1.66 eV), are matching 
with the optical band gaps of SnS2 and Sb2S3, 
respectively.9 It is interesting to note that the 
photoresponse behavior of franckeite is 
dominated by Sb2S3. We also note that we 
observed these two peaks features only for 
three samples. For all other samples, we have 
observed only one peak at 1.9 eV (see 
Supplementary Information).  
To understand the origin of these peaks in 
PC, we performed DFT calculations to 
determine the electronic structures of the 
franckeite material and to calculate the optical 
absorption properties. Fig.4a shows the 
calculated band structure of unit cell of bulk 
franckeite that contains 4 Pb, 6 Sn and 12 S 
atoms. The bulk franckeite shows finite 
density of states at the Fermi energy and 
there is a finite energy gap within the 
conduction band, which agrees with a recent 
calculation.7 The frequency dependent 
dielectric function is calculated by a 
summation over empty states and plotted in 
Figure 4b and 4c. In addition, an isolated H, 
Q, HQ and HQH have been calculated for 
comparison. There is one major peak (Fig. 
Figure 3: Optoelectronic properties of franckeite thin film. (a) The PC spectrum of a 
franckeite device at 77K. The PC was normalized using a calibrated Si photodetector. 
The Photocurrent is diminishing at ~1450 nm indicating an effective band-gap of ~830 
meV. (b) The PC spectrum for different temperature. The PC magnitude increases as 
we increase the temperature until ~260 K and then decrease again. Inset presents the 
integrated PC data as a function of the temperature showing the transition temperature 
~260 K. The photocurrent integration was conducted between 400 nm and 800 nm. The 
overall shape PC spectrum remains the same.  
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4b) at short wavelengths, which is very similar 
to the sum over the individual H and Q layers 
(dashed black in Fig.4b). However, at the 
longer wavelength (above 800 nm), the 
difference between the bulk franckeite and 
sum over H and Q becomes more significant, 
indicating optical transition between these two 
materials at the interface may start to 
dominate. The long tail at the infrared 
wavelength in the calculated spectrum results 
from the excitation of electrons at the Fermi 
level to the empty states in the proximity of 
Fermi level. It should be noted that the 
calculated main peak is blue shifted as 
compared to the photocurrent measurement 
(Fig.3). This difference may result from the 
complicated distribution of the Pb and Sn 
atoms in the Q layer. However, Figure S3 in 
the supplement shows the calculated 
imaginary part of the dielectric function with 
Pb and Sn distributed in the Q layer with 
varied stacking configuration and these 
spectrums look very similar. Another 
possibility is the impurities in the franckeite 
materials as shown in the EDX measurement 
and in the literature.5 In addition, it remains to 
be studied how the coulombic interaction 
between the excited electrons and holes will 
affect the optical spectrum calculations, since 
this interaction has not been included in the 
current calculations. 
Now we explore the temperature dependence 
of PC and its origin. Temperature variation of 
the PC spectrum from a franckeite sample is 
shown in Fig.3b. We observed several 
interesting features. First, the PC magnitude 
is many orders lower at cryogenic 
temperature than room temperature. Second, 
the PC increases as we increase the 
temperature until it reaches 260K, then it 
starts to decreases again. To show this 
Figure 4. Calculation of the optical absorption properties of franckeite. (a) DFT 
calculated band structure of the franckeite bulk material (b) The imaginary part of the 
dielectric function of an isolated H or Q layer as compared with the bulk franckeite. The 
dashed black line shows the sum over H and Q values. (c) The imaginary part of the 
dielectric function for the HQ bilayer (blue dashed) and HQH trilayer (blue solid) as 
compared with the bulk franckeite. 
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feature clearly, we have plotted integrated 
photocurrent (between 400 nm and 800 nm) 
as a function of the temperature as shown in 
the inset of Fig.3b. This temperature variation 
suggests that the PC is dominated by the 
trapping of charged carriers by mid-gap 
states.  
Now we will explore the effect of the 
impurities and mid-gap states via power 
resolved PC measurement. The power 
dependence of the photocurrent at 255 K is 
shown in Fig.5a. The PC follows clearly a 
power dependence 𝐼𝑃𝐶 = 𝑃
𝛾 with 0.41    
0.8 for different temperature as shown in 
Fig.5b-c. This non-linear power dependence 
can originate from several processes, such as 
photogating effect, thermoelectric effect and 
mid-gap trap states.21 Since the device is 
residing on an optically-inactive glass 
substrate, we argue that there is no 
photogating effect20 in our measured samples. 
Since the beam diameter of the sample is 
covering the whole sample uniformly, we 
argue that no temperature gradient exists to 
generate thermoelectric voltages. Hence, we 
Figure 5: Laser power dependence of the optoelectronic properties of franckeite 
and time response. (a) Variation of PC response of a franckeite device at 255K (applied 
voltage V=6V and laser wavelength 543 nm). PC follows a powe dependence, 𝑰𝑷𝑪 = 𝑷
𝜸. 
For the PC at 255K we found, 𝜸 = 𝟎. 𝟒𝟏. (b) The PC data for different temperature in 
dependence of the low laser power. (c) Temperature dependence of the power exponent 
() as a function of the temperature. The dashed line is a fit by an equation Tc/(T+Tc), 
where Tc ~ 175 K. (d) The PC time response plot measured at room temperature. The 
sample was pumped by green laser and the response was measured by a high speed 
oscilloscope.  
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can safely eliminate the thermoelectric effects 
determining the opto-electronic behavior.  
Our temperature dependence of  suggests 
that the mid-gap states are responsible for the 
non-linear power dependence. We have 
conducted the power dependence at different 
temperature as shown in Fig.5b-c. The 
temperature variation of  at low laser power 
is related to the distribution of the localized 
trap states21, 22 by a temperature dependence 
of the form 𝛾 =
𝑇𝑐
𝑇+𝑇𝑐
, where 𝑇𝑐 is a 
characteristic temperature.  The observed 
values of  are varying between 0.8 and 0.4 
over a wide range of temperature (77 K <T < 
275 K) and follow a similar temperature 
dependence with 𝑇𝑐~ 175 K (dashed line in 
Fig.4c). This observed temperature 
dependence suggests that the trap states are 
continuously distributed below the conduction 
bands and above the valence bands.21, 22 
Hence our measurement confirms that the 
optoelectronic behavior of franckeite is 
dominated by continuous distribution of trap 
states.   
Now we will focus on the time response 
behavior of the device. The time response of 
the photodetector is shown in Fig.5d. The 
laser was modulated by a pulse generator 
and the signal was measured by high speed 
oscilloscope. We have observed rising time 
~0.4 ms and the drop-off time ~1.0 ms 
measured at room temperature. Hence the 
speed of our franckeite based photodetector 
is ~1KHz, suggesting that franckeite based 
device can be used in high speed 
applications.   
In conclusion, we present the opto-electronic 
behavior of thin natural vdWH franckeite, 
which demonstrate a narrow band-gap 
semiconductor with a cut-off at ~1500 nm and 
broad photoresponse from UV to Infrared 
regime. By simulating the electronic band 
structure via DFT, we calculated the optical 
absorption properties, which is in agreement 
with the measured PC spectrum qualitatively. 
The devices demonstrate efficient 
photoresponse with external quantum 
efficiency EQE~3% and fast photoresponse 
behavior with response times as short as 1 
ms (or speed ~1 KHz). Our temperature 
resolved and the power resolved PC 
measurements suggest that the photo-
response behavior is dominated by trap 
states, which are acting as recombination 
centers and continuously distributed in the 
band gap. Our study shed light for the first 
time on the opto-electronic behavior of 
franckeite, a naturally occurring complex van 
der Waals heterostructure, advances 
fundamental understanding of its opto-
electronic behaviors and can lead to the 
development new type of nanoscale 
optoelectronic devices with tailored 
properties.     
Methods:  
Sample Fabrication: First, we fabricated the 
metal electrodes on the  glass substrate using 
optical lithography followed by thermal 
evaporation of Cr/Au20 (5 nm/100 nm). In 
parallel, we prepared a PDMS (poly dimethyl-
siloxane) stamp23 structure on a microscope 
slide. The franckeite was exfoliated onto the 
PDMS stamp followed by characterization 
using optical microscopy, Raman 
spectroscopy and atomic force microscopy 
(AFM) to verify the franckeite deposition and 
determine the sample thickness (see 
Supplementary Information). We found that 
the sample thickness is varying from 60 nm to 
800 nm. We aligned the exfoliated franckeite 
flake on the polymer stack with the pre-
patterned metal electrode target under a 
microscope and brought it into contact. The 
polymer layer was mechanically separated 
from the PDMS stacks.  
Calculation Methods: Density functional 
theory calculations were performed using the 
VASP package24. The PBE (Perdew-Burke-
Ernzerhof) exchange-correlation potential25 
was used, and the electron-core interactions 
were treated in the projector augmented wave 
(PAW) method.26, 27 The van der Waals 
interaction has been taken into account 
through the DFT-D3 semi-empirical 
methods.28, 29 The calculations have been 
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performed using a franckeite unit cell taken 
from an experimental measurement with the 
lattice constant a=5.805Å, b=5.856Å and 
c=17.338 Å.5 The Brillouin zone of the bulk 
franckeite was sampled using a (662) k-
point with a kinetic cut off energy of 400 eV. 
For the HQ and HQH layers, a (661) k-point 
was used for the calculations of optical 
absorption. The atomic structures were 
visualized using the VESTA software.30 
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Energy Dispersive Spectroscopy (EDXS) on the SEM of Franckeite 
 
 
Table 1: EDXS quantification of franckeite crystal.  
 
 
 
 
 
 
 
Figure S1: SEM and EDXS characterization of franckeite. (a) SEM image of a franckeite flake used for the 
EDXS study marked by pink square. (b) Average EDXS spectra obtained for the sample.   
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Photoresponse of franckeite sample not showing the peak at 2.1 eV.  
 
 
 
 
 
 
 
 
 
 
 
 
DFT Calculations 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2: The PC response of franckeite crystal that demonstrates only one peak at ~1.9 
eV. The measurement was conducted at 77K and the drain source voltage was Vds=1V.  
Figure S3: DFT-PBE calculated imaginary part of the dielectric function of the 
Franckeite bulk structure with varied stacking (insets) in the Q layer. 
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Thickness measurement 
Figure S4: Thickness measurement by AFM. (Left) An AFM image of the flake on Au electrodes 
taken after the dry transfer. (b) The line profile of the sample along the white dashed line in the 
left figure.  
